The most straight-forward approach in obtaining a down-converted image sequence is to decimate each frame after it has been fully decoded. To reduce memory requirements and other costs incurred by this approach, a down-conversion decoder would perform a decimation within the decoding loop. In this way, predictions are made from a low-resolution reference which has experienced a considerable loss of information. Additionally, the predictions must be made from a set of motion vectors which correspond to the full-resolution image sequence. Given these conditions, it is desirable to optimize the performance of the motion compensation process. In this paper we show that the optimal set of lters for performing the low-resolution motion compensation are dependent on the choice of down-conversion lter. The motion compensation lters are determined as the optimal solution of a least squares problem. This problem is formulated in the context of two general classes of down-conversion techniques: one which is dependent on a single block, and another which is dependent on multiple blocks. General solutions for each class of down-conversion are provided. To demonstrate the usefulness of these results, a sample set of motion compensation lters for each class of down-conversion are calculated, and the results are incorporated into a low-resolution decoder. In comparison to a sub-optimal motion compensation scheme, the optimal motion compensation lters realize a drastic reduction in the amount of drift. Simulation results also reveal that the lters which were based on multiple block down-conversion can reduce the amount of prediction drift found in the single block down-conversion by as much as 35%.
Introduction
The evolution of digital technology and the upcoming utilization of MPEG-2 for digital television broadcast 1] will have a signi cant impact on our lives. More than just a sophisticated and modern way of transmitting information, digital television will enable higher quality pictures to be received and lead the way for more versatile programming. Along these lines, a system developed by a Grand Alliance of companies for the broadcast of high-de nition television (HDTV) has been accepted by the Federal Communications Commission (FCC). In light of this progress, it is believed that the transmission of HDTV will spur a transition period in which both HDTV and SDTV will be received. In order to successfully implement such an advanced television system (ATV), the HDTV signal must be decoded di erently than if an SDTV signal were being received.
In this paper, we discuss the technological challenges to make this transition possible. We search for a practical decoder which will receive an HDTV signal and display it on an NTSC monitor. The most obvious choice is to fully decode the HDTV signal, then perform a ltering operation as speci ed in 2]. This approach however, is quite costly in terms of memory requirements and it will incur an undesirable delay when applying the lter. As a result, the low-resolution decoder would be more complex than the full-resolution decoder. This alone provides the motivation to seek a better solution.
The above decoder will be referred to as a full-resolution decoder (FRD) which undergoes spatial-domain down-conversion. It is a full-resolution decoder because the motion compensation is performed using a full-resolution reference and corresponding full-resolution motion vectors, i.e., original motion vectors from the encoder. The block diagram of the FRD with spatial downconversion is shown in Fig. 1 . As an alternate solution to this scheme, many researchers have realized that considerable savings in cost can be realized with a low-resolution decoder 3]-8]. In this type of decoder, a prediction is made from a low-resolution reference given the motion vectors derived from the full-resolution sequence. Therefore, as illustrated in Fig. 2 , only one-quarter of the memory required by the FRD is used. This alone can lead to large savings. However, there is a downside to this cost savings which is quality degradation. The main cause of this degradation is that the down-conversion is performed within the decoding loop. Because of this, valuable texture information is lost and the full-resolution motion vectors are no longer accurate. Therefore, it would be of great interest to optimize the motion compensation process so that the highest quality output can be achieved. We will show that a optimal 1 set of motion compensation lters for the LRD are dependent on the set of down-conversion lters which are used. In the following, some background of past work on down-conversion methods and motion-compensation is provided. To our knowledge there hasn't been any work which jointly considers these two processes.
Down-Conversion
In earlier works, hierarchical decoder structures have been proposed to provide a hierarchical representation of a decoded video sequence, such that multiple video resolutions can be reconstructed from the compressed MPEG bit stream 3, 4] . A variety of other schemes have been proposed which focus on techniques for performing frequency domain down-conversion. The general idea has been to extract certain coe cients from an 8x8 DCT block. Since the down-conversion is only dependent on one block of data, these methods can be classi ed as single-block dependency (SBD) methods. As a special case, the top-left 4x4 DCT coe cients are used to reconstruct a 4x4 block in the pixel domain; we will refer to this scheme as the 4x4 Cut. It can be observed that for 2D image data, the transform block contains a signi cant portion of energy in the top row and left column. Because of this, more sophisticated techniques have been developed in 5] and 6] to perform an adaptive extraction of block information. Nonetheless, the discarding of any high frequency data may cause considerable degradation in the down sampled image sequence. Alternate down-conversion techniques, collectively referred to as frequency synthesis, have been presented in 7]. These methods aim at utilizing all of the frequency content within a macroblock to better preserve the signal energy in the down-converted block. The down-converted block is a function of the four sub-blocks of a macroblock, hence these methods can be classi ed as multiple-block dependency (MBD) methods. A special case of this class will also be discussed.
Motion Compensation
With regard to prediction mode and sub-pel interpolations, special attention has been given to the motion compensation so that the estimation of the current picture from a down-converted picture is accurate. In 9], Dubois suggests that di erent interpolation schemes should be used for xed and moving areas when interpolating to a higher density sampling structure. More recently, Beuker and Shah have proposed the extraction of a standard-de nition (SD) motion helper through the spectrum analysis of interlaced signals 10]. Also, a generalization of the sampling theorem by Delonge, et.al. has shown that the interpolation of interlaced sequences with sub-pel accuracy should be based on information from both elds 11]. Additional insight into the interpolation problem is given in 12]-15].
With regard to a down-conversion decoder, the major concern of the motion compensation is to reduce the prediction drift. The prediction drift is observed as a periodic pulsing of an image sequence due to the successive blurring of forward predicted frames. This is a very serious artifact, and if not treated properly, the quality can not be deemed acceptable. It is mainly due to non-ideal interpolation of sub-pel intensities and also the loss of high frequency data within a block. In 16] , the subject of prediction drift has been closely examined. However, it has been assumed that the method of down-conversion is the 4x4 cut. In this paper, we hope to generalize the previously developed theories so that the drift can be evaluated for any method of down-conversion. The usefulness of this generalization will become evident as we show that it is possible to achieve a reduction in drift compared to the \theoretically minimum drift" which was claimed in 16].
The rest of the paper is organized in the following way. In Section 2, some preliminaries are discussed. This includes notation that will be used throughout the paper and a matrix representation for full-resolution motion compensation. In Section 3, we summarize two classes of frequencydomain down-conversion: single-block dependency and multiple-block dependency. The results of Sections 2 and 3 are then combined in Section 4 to formulate and develop a set of spatial lters which optimally perform the low-resolution motion compensation. Both single-block and multiple-block dependency methods are considered. The evaluation of each optimal motion compensation scheme is then discussed in Section 5 as the previous techniques are incorporated into the decoder structure shown in Fig. 2 . Comparisons are also made to a sub-optimal motion compensation scheme. In Section 6, we provide some concluding remarks and summarize the results of our contribution.
Preliminaries

Notation
Throughout the paper, vectors will be denoted with an underline and matrices will be written with an uppercase letter. For the most part, input/output blocks are in the form of vectors and lters are in the form of matrices. For notational convenience, all of the analysis will be carried out in the 1D case since the results are readily extended to 2D by ordering input/output blocks lexicographically and making appropriate extensions in the down-conversion and motion-compensation. For the 1D analysis, a block will refer to an 8x1 vector, and a macroblock will consist of two 8x1 vectors. To di erentiate between vectors in the spatial and DCT domain, lowercase and uppercase variables will be used respectively. For matrices, lowercase and uppercase subscripts will distinguish spatial lters from DCT lters, respectively. In the event that a matrix does not carry an alphabetic subscript, it is assumed to be in the same domain as the vector which it is operating on.
Matrix Representation of Full-Resolution Motion Compensation
In 1D, a motion compensated macroblock may have contributions from at most 2 macroblocks per motion vector (4 macroblocks in the 2D case). As noted in Fig. 3 , macroblock a includes two 8x1 blocks a 1 and a 2 , and similarly, macroblock b includes another two 8x1 blocks b 1 and b 2 . According to the motion vector, a local reference, y, is computed to indicate where the origin of the motion compensated block is located. The reference point for this value is the origin of the upper-most input macroblock. Therefore, the motion compensated prediction may be expressed as, h = 
Down-Conversion Methods
In this section of the paper, we discuss two general approaches of frequency domain down-conversion and present an example of each. The down-conversion process of the rst method is dependent on a single block of data, whereas the second method produces a down-converted block which is a function of multiple blocks. A special case of each method is considered so that the reader can appreciate the di erences in each scheme which may in uence the low-resolution motion compensation scheme.
Single-Block Dependency
Down-conversion methods which are dependent on a single block are classi ed as single-block dependency methods. Following the notation of Fig. 4(a) , the process can be expressed as:
where X S is a 4x8 DCT lter which represent the down-conversion process of 8x1 input vectors A 1 and A 2 with corresponding 4x1 output vectorsÃ 1 andÃ 2 . Essentially, the same ltering operation is applied to each input vector of a macroblock and the output of each process is simply pieced together in the spatial domain:ã Special Case: This approach is quite straightforward and only a special case of the downconversion schemes which can be included as part of this category. The premise of this method is that the majority of the block energy is contained within the low-frequency coe cients. The rst step of this method is to extract the 4x1 DCT coe cients from each 8x1 block. Second, the 4x1 IDCT is applied and the results are concatenated to yield a block with half the resolution of the original. Please note that the expression in (4) represents a more general form of the downconversion process, where any down-conversion lter/mask can be applied to the 8x1 blocks of data.
For the special case of the 4x1 cut, the down-conversion matrix is given by, X S = I 4 0], where I 4 represents a 4x4 identity matrix. Adaptive extraction based on the DCT block composition of frequency components has been considered in 5] and 6].
The most promising aspect of the 4x1 Cut lies in its simplicity. A simple masking operation gives the low-resolution blocks in the DCT domain and an IDCT for each yields the spatial domain block. The drawback of this method is related to the amount of energy which is actually being retained in the down-converted block. As mentioned in the introduction, this had lead many researchers, including the authors of this paper, to search for better down-conversion techniques which capture more of the block energy. In this way, the frequency content of the block can be represented more accurately.
Multiple-Block Dependency
In this class of down-conversion, the output block is based on weighted contributions from every 8x1 block of the 16x1 macroblock. In 1D, the resulting expression takes the following form: A = X M1 X M2 (6) where, X M1 and X M2 are the 8x8 down-conversion matrices for the input blocks A 1 and A 2 . After this ltering process, an 8x1 IDCT is applied toÃ to get the down-converted spatial block,ã. The major di erence between the down-conversion of (4) and that in (6) is that the output block of (6) has dependency on both input blocks. One should also notice that in (6) the 8x1 output block is formed directly, whereas in (4) is it formed from two independent processes.
Special Case: In the following we describe a down-conversion technique which takes the form of (6) -it is referred to as frequency synthesis 7]. The technique is described in the 1D case for notational convenience. Please note that this algorithm is a special case of (6) and other lters may be derived to t this form.
In this approach, two steps are taken to down convert the 16x1 macroblock. First, the two 8x1 blocks, A 1 and A 2 are synthesized into one 16x1 block, A. The new 16x1 block contains transform coe cients which are a result of formulated contributions from each of the 8x1 blocks. It is reasonable at this point to simply extracting the upper-left 8x1 block of the synthesized coe cients to yieldÃ and then take the 8x1 IDCT to ultimately giveã. Recall that in previous method, the high frequency components of each 8x1 were discarded and the result of two 4x1 IDCTs were combined to form the new 8x1 block. In this proposed method, we are essentially preserving the high frequency components better by observing the frequency characteristics over a larger block. In this way, a larger amount of signal energy from the 16x1 area is used to reconstruct the 8x1 block.
The rst step in relating the synthesized block, A, in terms of the DCT coe cients, A 1 and A 2 is to rst express a in the spatial domain as a function of a 1 and a 2 . The following expression is readily obtained:
a 2 (i ? 8); 8 i 15:
By de nition 17], the 1D-DCT is given by,
where N k (i) = r 2 N (k) cos 2i + 1 2N k (9) and (k) = 1= p 2 for k = 0, and 1 for k 6 = 0. By substituting (7) into (8) 
Using the inverse relation of (8), the spatial blocks in (10) can be expressed in terms of their corresponding DCT blocks, thereby giving the relation of (6) with:
where element (k,p) in X M1 and X M2 denote the weighted contribution of the p th frequency component of A 1 and A 2 , respectively, for the k th frequency component of the down-converted block, A. Since this method cuts the top-most 8x1 DCT coe cients, only the values of k in the range 0, 7] are considered. Lastly, it is important that these matrices be independent of the input blocks so that delay is not imposed while processing the macroblocks. If this were true, the down-conversion lters would not t the form of (6).
Low-Resolution Motion Compensation
To perform motion compensation within the LRD, the simplest approach would be to use bilinear interpolation for recovering sub-pel intensities. The major problem with this scheme is that half of the spatial resolution has been lost through down-conversion (1D). As a result, pels which were once on the sampling grid are no longer there. To overcome this, predictions would be done with 1/4-pel accuracy 4]. Due to the smoothing process of this interpolation scheme, the drift is expected to be severe, leading to a down-converted image sequence which is unacceptable. The focus of this section is to determine the optimal set of motion compensation lters for the LRD given an arbitrary down-conversion scheme.
Objectives and Procedures
The proposed approach of performing motion compensation from a low-resolution source is based on the output of the FRD with spatial down-conversion as shown in Fig 1. In section 2, a matrix representation of the full-resolution motion compensated block was obtained, and using the results of section 3, the reconstructed blocks can be down-converted to compose an image sequence with negligible drift. In the LRD of Fig. 2 , it is desirable to achieve this same quality. We do so by expressing the output block of the LRD in terms of unknown lters, then solve for these lters by minimizing the mean-square error. The solution will de ne the spatial lters used for the lowresolution motion compensation. The derivation of these results are indeed novel as they account for any method of down-conversion which can be expressed in the form of (4) and (6). The major di erence between the two classes of down-conversion is the range which is considered as input. In the SBD case, we only consider a single 8x1 block; in the MBD case, we must consider an entire macroblock consisting of two 8x1 blocks. To simplify the solution to the problem, it is desirable to express the SBD down-conversion over the same range. Therefore, we introduce the lter, X s , which will serve as a compound matrix for the SBD case: X s = 2 6 4 X s 0 0 X s 3 7 5 : (12) In this way, any SBD method can directly down-convert the macroblock a toã according to, a = X s a: (13) Similarly, for an MBD method, the direct conversions can be written as, a = X m a; (14) where X m = X m1 X m2 ]. Note that the lters used in (13) and (14) are the spatial equivalents to those discussed in section 3. With this consistency, our goal is to determine the set of lters which lead to an optimum motion compensation scheme within the LRD and illustrate its dependency on the method of down-conversion. We do this by formulating a problem which will minimize the error between the blocks produced by the FRD with spatial down-conversion and the LRD. In Fig. 4(a) , the relevant ideas of the full-resolution decoder are illustrated. The signi cance of this scheme is that it applies an arbitrary down-conversion technique, X, to blocks which have already been motion compensated using full-resolution motion vectors. On the other hand, in Fig. 4(b) , blocks are rst subject to the down-conversion, and then the motion compensation from a low-resolution reference is performed. Obviously, the scheme of (b) will su er from serious degradation when a sub-optimal motion compensation scheme is used (e.g., bilinear interpolation). To set the problem up for either the SBD and MBD cases, the following steps are taken:
1. Obtain an expression for the full-resolution motion compensated block, h. 2 . Subject h to a method of down-conversion to yieldh. 3 . Obtain an expression for the down-conversion of the reference blocks; these low-resolution blocks are considered to be the given data for the motion compensation process. 4 . Using the blocks of step 3, set-up an expression in terms of the unknown lters for the low-resolution motion compensation block,ĥ. 5 . Minimize the di erence, kh ?ĥk 2 , with respect to the unknown lters of step 4.
Set-up and Solution
In this subsection, details of the 5 steps outlined above are given. A matrix, X, may denote the lter X s used in (13) , or the lter X m used in (14).
Step 1: To begin, we note the expression given by (1) which represents the full-resolution motion compensated block, h. The lters used for this process are S (r) a and S (r) b .
Step 2: Next, the motion-compensated macroblock h is subject to a method of down-conversion.
This gives the down-converted block of the FRD:
The blocks which are obtained from (15) are considered to be drift-free.
Step 3: Just as in step 1, we consider two macroblocks, a and b. These macroblocks are down-converted within the decoding loop of the LRD to yieldã andb: a = Xa; b = Xb: (16) Step 4: Using the down-converted blocks of (16) as input to the low-resolution motion compensation process, the following expression can be assumed: h = N 1 N 2 2 6 4ã b 3 7 5 ; (17) where N 1 and N 2 denote the unknown spatial lters for performing low-resolution motion compensation.
Step (21) is the Moore-Penrose Inverse for an mxn matrix matrix with m n 18]. In the general solution of (20), the superscript r is added to the lters, N 1 and N 2 , due to their dependency on the full-resolution motion compensation lters.
Analysis of Results
The results of section 4.2 provide a set of motion compensation lters for the LRD which account for any method of down-conversion that can be expressed as a function of a single macroblock. However, for the SBD case, some redundancy was added into the down-conversion lter so that the problem could be solved for both cases using a single formulation. In the above, the motion compensation lters T 1 and T 2 only consider 1/4 the area which is considered by N 1 and N 2 . This is an inherit di erence between the SBD and MBD methods and is a major factor a ecting the quality and complexity of each scheme. It should be noted that the solution for the MBD case is simply that given by (20) with X and X + replaced by X m and X + m , respectively. In terms of complexity, the number of operations required by the optimal motion compensation scheme corresponding to the SBD down-conversion is 25% of the one corresponding to the MBD down-conversion. The quality of these schemes will be examined in the next section to determine if this tradeo in complexity is worthwhile.
Veri cation
In this section, the methods described in sections 3 and 4 are incorporated into the decoder structure shown in Fig. 2 . Although the major results of the low-resolution motion compensation are quite general, simulations are performed using special cases of the SBD and MBD methods. Comparisons are also made to a sub-optimal motion compensation scheme which uses bilinear interpolation.
Down-Conversion Decoder
For every group of pictures (GOPs), the incoming HDTV bit stream is subject to a variable length decoder (VLD) and an inverse quantization (IQ). Just as in the conventional MPEG decoder, this process will yield the DCT coe cients of each 16x16 macroblock. Processing throughout the decoder is done on a macroblock-by-macroblock basis, such that, each macroblock consists of four 8x8 luminance blocks and two 8x8 chrominance blocks (4:2:0 format). For the I-frame, four 8x8 blocks are down-converted in the frequency domain to either four 4x4 blocks (SBD) or a single 8x8 block (MBD). The down converted blocks are stored into memory and may be used to predict a block in a P-or B-frame. Note that the memory requirements in this decoder is the same as that for the conventional SDTV decoder.
Once the entire I-frame is stored into memory, processing of the P-frame can begin. In contrast to Intra-coded macroblocks which contain self-su cient information, Inter-coded macroblocks con-tain transform coe cients of the di erence image. It follows that a reconstructed block in a P-frame will consist of the predicted block as well as the di erence block after the IDCT. For a predicted block obtained with bilinear interpolation, the low-resolution motion compensation process is not much di erent than the full-resolution motion compensation process; the only di erence would be that it is done with 1/4-pel accuracy rather than 1/2-pel accuracy. In this case, a maximum of four input pels are considered in the prediction of a single pel. On the other hand, to obtain a predicted block using the optimal motion compensation approach, HD-resolution motion vectors must rst specify the appropriate motion compensation lters due to their dependency on the lters S (r) a and S (r) b . These lters are pre-calculated for the speci c type of down-conversion and stored into memory. From the low-resolution frame store, the relevant blocks are retrieved as input to the ltering process and the low-resolution predictions are formed. In the SBD case, a single pel is determined by ltering four 4x4 blocks; in the MBD case, a single pel is determined by ltering four 8x8 blocks. Due to the amount of spatial correlation among pels, signi cant reductions in complexity are realized by considering a smaller window of pixels to be ltered. Not only do pels outside this window have low correlation to the pel being predicted, but also the taps of the spatial lters are relatively small. Therefore, by choosing an appropriately sized window, the spatial ltering process becomes less computationally demanding and only minor degradation of the optimal results is experienced.
Measuring the Drift
Ideally, the quality of a decoded image sequence should be the same for any given time instant. However, in a down-conversion decoder, the MSE may increase quite rapidly. When the di erence between the MSE for the I-frame, MSE(I), and the MSE for the last P-frame, MSE(P last ), in a GOP is relatively large, a pulsing e ect will result. This artifact is very disturbing and too much of it can results in an unacceptable image sequence.
In our experiments, two numerical measures of drift are used: MSE curves and drift ratio. The MSE for a particular frame is simply de ned as, MSE = Higher values of DR correspond to more severe cases of drift. Since the image sequence can not be viewed in real-time, it is very di cult to get a sense of the pulsing magnitude, therefore these numerical measures will have a signi cant impact on the conclusions.
Experimental Results
To evaluate the performance of the proposed motion compensation lters, a MP@HL MPEG-2 bitstream was generated for 120 frames of the March sequence (1920x1080 interlaced). The HD sequence was encoded at 19Mbps with a GOP size of 15, and anchor frame distance of 3. As a reference, the FRD with spatial down-conversion is used. This image sequence is drift-free and very pleasing to view. Frame 12 of this down-converted image sequence is shown in Fig. 6 .
For comparison purposes, the LRD is simulated using the proposed optimal motion compensation scheme and also a sub-optimal motion compensation scheme (bilinear interpolation). With regard to the optimal scheme, two classes of down-conversion with corresponding motion compensation lters are considered. For visual comparison, the images in Fig. 7 correspond to the sub-optimal motion compensation using bilinear interpolation, the images in Fig. 8 correspond to the optimal motion compensation scheme which is based on the 4x4 Cut, and the images in Fig. 9 correspond to the optimal motion compensation scheme which is based on the Frequency Synthesis. In (a) of the above mentioned gures, the actual down-converted images of frame 12 are shown. This frame is the last frame of the GOP and represents the accumulation of prediction drift throughout the GOP. When the di erence between this frame and the next I-frame is large, a disturbing pulse is observed. In (b) of the same gures, the di erence image between the respective images in (a) and Fig. 6 is shown. It is clear from these images that Fig. 7 su ers from the most drift. The high frequency regions have become extremely blurred and it is evident that the optimal motion compensation schemes will drastically reduce the artifacts associated with drift by better preserving the high frequency regions. However, in comparing the two optimal motion compensation schemes with each other, it is di cult to distinguish between them. We maintain though, that there are signi cant di erences between the two image sequences when observed in real time.
To observe the MSE characteristics of each method over the image sequence, the MSE is cal-culated for every P-frame and plotted in Fig. 10 . B-frames are omitted as they do not contribute to drift and only one GOP is plotted since this type of pattern will repeat. From this plot, it is veri ed that the drift is very severe in the sequence which uses bilinear interpolation, and drastically reduced when the optimal motion compensation lters are used. Although the MSE for the 4x4 Cut is lower than that of the Frequency Synthesis at the I-frame, it is readily observed that drift of the Frequency Synthesis is considerably less. To numerically evaluate the drift, the drift ratio is calculated for every GOP in the 120 frame sequence. The individual drift ratios are then averaged to yield the following values: DR(bilinear interpolation) = 0.883, DR(4x4 Cut) = 0.699, and DR(Frequency Synthesis) = 0.452. The results indicate that the optimal motion compensation schemes are necessary to achieve satisfactory quality of a down-converted image sequence -the drift using non-optimal methods is too severe. Comparing the performance of the SBD and MBD method, it should be noted that a 35% reduction in drift was achieved. From our observation of the two image sequences, we maintain that this di erence is easily observed and the pulsing found in the sequence produced by the 4x4 Cut is still at a disturbing level. On the other hand, the pulsing was negligible in the sequence produced by the Frequency Synthesis. This large margin of improvement is signi cant in that the quality obtained by the Frequency Synthesis outweighs the increase in complexity of the 4x4 Cut.
Concluding Remarks
In this paper, we have established the need for an optimized method of low-resolution motion compensation within a down-conversion decoder. It was shown that the optimal lters for motion compensation were intimately related to the method of down-conversion. The generalized solution held true for any method of down-conversion which can be expressed as a function of a single macroblock. Speci cally, two general classes of down-conversion were identi ed: one which is dependent on a single block and one which is dependent on multiple blocks. Our results rst demonstrated that a sub-optimal motion compensation scheme is not feasible due to the excessive amount of prediction drift. Both optimal motion compensation schemes had large improvements over this scheme. Second, it has been found that with a reasonable increase in complexity, optimal motion compensation lters corresponding to the MBD method can reduce the drift of the SBD method by 35%. The impact of this improvement is easily observed and we feel that it is essential for the viability of a commercial product. 
